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The reaction of fully reduced soluble bovine heart cytochrome oxidase with 02 at 173 K was investigated by low-temperature optical and e.p.r. spectroscopy, and the kinetics of the reaction were analysed by non-linear optimization techniques. The only e.p.r. signals seen during the course of the reaction are those attributable to low-spin cytochrome a3+
and CuA2+. Quantitative analysis of e.p.r. signals shows that, at the end point of the reaction at 173 K, nearly 100% of CuA is in the cupric state but only about 40% of cytochrome a is in the ferric low-spin state. The optical spectra recorded at this stage of the reaction show incomplete oxidation of haem and the absence of a 655 nm absorption band. The Cytochrome oxidase (ferrocytochrome c-oxygen oxidoreductase, EC 1.9.3.1) catalyses the terminal reaction, the four-equivalent reduction of molecular 02 to water, in the respiratory electron-transport chain of all higher organisms. The minimum functioning unit of the mammalian cytochrome oxidase complex is thought to contain four metal centres consisting of two A-type haems differing only in the nature of their axial ligands, cytochromes a and a3, and two copper atoms (Malmstrom, 1973) . From a combination of e.p.r. (Aasa et al., 1976a) , m.c.d. Thomson et al., 1976 Thomson et al., , 1977 , n.m.r. (Falk et al., 1977) and static-magnetic-susceptibility (Moss G. M. CLORE AND OTHERS the enzyme (Aasa et al., 1976a; Shaw et al., 1978a; Clore et al., 1980) . Recent low-temperature kinetic studies carried out by multi-channel spectroscopy at eight wavelength pairs covering the Soret, a-band and near-i.r. regions, and analysed by sophisticated non-linear numerical integration and optimization techniques, have demonstrated the sequential formation of three intermediates in the reaction of fully reduced membrane-bound cytochrome oxidase with 02 (Clore & Chance, 1978a : E+02 I II III (1) [The notation is that of Clore & Chance (1978a ; intermediates I and III are equivalent to compounds A, and B described by Chance et al. (1975 Chance et al. ( , 1978 .] The nature of these intermediates is still unknown, and thus far the assignments of valence state to the metal centres have been largely based on optical data (Chance et al., 1975; Chance & Leigh, 1977; Clore & Chance, 1978a . Optical difference spectra of intermediates I and III minus fully reduced cytochrome oxidase have been obtained in the a-band and near-i.r. regions by means of a low-temperature freeze-trapping technique (Chance et al., 1975 (Chance et al., , 1978 Chance & Leigh, 1977) . However, these difference spectra were obtained at only two time points in the reaction and are not pure in that they represent a mixture of intermediates in which the predominant components are intermediates I and III respectively (Clore & Chance, 1978a .
Preliminary studies by Chance et al. (1975) indicated that both low-spin ferric haem and CUA2+ e.p.r. signals could be detected in a trapped sample of intermediate III at approx. 50% of the intensity seen in fully oxidized cytochrome oxidase. However, interpretation of these observations is difficult for a number of reasons. (1) Mitochondrial samples containing small amounts of cytochrome oxidase (< 10puM) were used, so that quantitative measurement of the signals is extremely difficult and large errors are likely owing to very poor signal-to-noise ratios, which also lead to the necessary use of saturating powers. In addition, there is considerable overlap of the e.p.r. signals of other components of the respiratory chain. (2) The e.p.r. spectra were not analysed quantitatively by double integration taking into account the transition probability for field-swept spectra in accord with the result obtained by Aasa & Vanngird (1975 (Hartzell & Beinert, 1974; Aasa et al., 1976a) . It has been shown that a number of preparations contain extraneous reducing equivalents, so that the oxidized enzyme may undergo autoreduction in the presence of CO (Greenwood et al., 1974) or by the action of high-intensity monochromatic light from a laser beam (Adar & Yonetani, 1978) . A measure of the purity of our enzyme is that under the conditions described by Greenwood et al. (1974) (Chance et al., 1975; Clore & Chance, 1978a) . The e.p.r. tubes were then stored in the dark in liquid N2 until used. The fully reduced cytochrome oxidase-CO complex was photolysed at 77 K (a temperature at which neither 02 nor CO react with the oxidase; Chance et al., 1975; Clore & Chance, 1978a,b; Denis & Clore, 1979) containing water and found to be about 2 s. This process was then repeated to obtain spectra at successive time points in the reaction with the same sample. The temperature of the isopentane was maintained at 173 K by equilibrating isopentane contained inside a plastic jacket through which N2 gas was bubbled with liquid N2 outside. By regulating the N2 gas flow the temperature could be maintained within +0.5°C. Finally 
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The e.p.r. tubes were held by clips on a 'cold finger' sample holder maintained at 77K by liquid N2, and a stream of dry N2 was used to prevent condensation on the surface of the dewar and photomultiplier.
Several modifications and precautions are required to obtain high-quality optical spectra from samples in e.p.r. tubes. (1) Because e.p.r. tubes are cylindrical it is necessary to use a very narrow beam of light focused at the centre of the tube to ensure that the beam is normal to the incident surface of the tube and to minimize light-scattering. (2) Because powder samples are used, a considerable amount of light is lost by scattering unless care is taken to reflect the scattered light back on to the photomultiplier. This was achieved by placing the tube in the focus of a parabolic reflector and resulted in a severalfold (3-5-fold) improvement in the signal-tonoise ratio. (3) Because our technique involves repeated warming and cooling in the 77-173K range, it is necessary to ensure that the crystalline state of the sample remains optically identical throughout. It was found that samples prepared as glasses [prepared by using 50% (v/v) ethylene glycol and slow cooling], despite their better optical properties initially (i.e. decreased light-scattering and increased transmittance), tended to crack and become opaque after two or three warming and cooling cycles. The powder samples, however, retained identical scattering properties, as checked by using samples of fully oxidized cytochrome oxidase in 30% (v/v) ethylene glycol. (4) E.p.r. tubes are not optically identical at all points over their circumference. Consequently, if spectral distortions are to be avoided, the e.p.r. tube must always be placed in the same position as it was in when the baseline spectrum was recorded. To this end, the e.p.r. tubes were marked so that the correct position could be easily ascertained. When different e.p.r. tubes are used for the stored reference spectrum and the other spectra [e.g. when 'absolute' spectra are recorded with the spectrum of frozen 30% (v/v) ethylene glycol being used as the reference], it is necessary to determine the position of the second tube that is optically identical with that of the first tube used to record the reference spectrum. This is achieved by recording a reference spectrum of frozen 30% (v/v) ethylene glycol (which freezes as a homogeneous white powder when frozen initially at 195 K in a solid C02/ethanol bath), and then rotating the second e.p.r. tube, also containing frozen 30% (v/v) ethylene glycol, until a position is reached at which the difference spectrum is flat and horizontal. The position is then marked on the tube.
The quality of the spectra obtained by using the above technique is illustrated in Fig. 1 (Margoliash, 1957) .
Note the large enhancement in absorption of the bands in sample (b) due to scattering (Butler & Norris, 1960 spectrometer. Temperatures between 5 and 80K were maintained by using an ESR-9 continuous-flow helium cryostat (Oxford Instruments).
The microwave frequency was measured with a Hewlett-Packard 5245L electronic counter and a Hewlett-Packard 5257A transfer oscillator.
The extent of photolysis of the concentrated samples used for e.p.r. was checked by using glass samples prepared with 50% (v/v) ethylene glycol.
Identical results were obtained with powder samples containing 30% (v/v) ethylene glycol.
Integration ofe.p.r. spectra When the magnetic field is swept rather than the frequency, the total intensity of an e.p.r. powder spectrum is proportional to the average intensity factor gtpv given by the approximate equation:
which gives the correct value for gp within 1.5% in the range 1 Qgd/gy < 8 and within 0.7% for 1 .g&/gy < 2, taking g-values in the order g.g,Y<gz (Aasa & Vanngard, 1975 T is the calculated area under the isolated g2 peak for a spectrum with no hyperfine structure given by the relation:
where p' = g,2/g,2, HB is the Bohr magneton, h is Planck's constant and v is the microwave frequency. All e.p.r. spectra used for integration were recorded under non-saturating conditions. The e.p.r. spectra were digitized by using an automatic x-y reader coupled to a minicomputer (Nova 3; Data General Corporation). Double integration of the CuA2+ signal was performed with a step length of 50,uT and single integration of the isolated g = 3.03 peak of low-spin ferric haem with a step length of 25,uT.
Kinetic analysis ofthe data
The optical spectra recorded at successive time points were digitized by using an automatic computer-controlled x-y reader coupled to the minicomputer, and the data at selected wavelength pairs were used for kinetic analysis together with the total integrated intensities of the CuA2+ and low-spin ferric haem e.p.r. signals. The overall standard error of the data determined by the method of Clore & Chance (1978a) and given by the weighted mean of the standard errors of the individual progress curves was 2.5 + 0.2%.
The technique of numerical integration of simultaneous non-linear stiff ordinary differential equations and non-linear optimization were exactly as described previously (Clore & Chance, 1978a ,b,c, 1979 and performed on an IBM-360 computer (University College London Computer Centre).
Our choice of models is based on the criteria developed by Clore & Chance (1978a ,b,c, 1979 , which consist of the following triple requirement: an S.D. within the standard error of the data, good determination of the optimized parameters (as measured by the standard deviation of the natural logarithm of the optimized parameter, S.D.1n) and a random distribution of residuals. Thus, for a given set of data, it must be emphasized that, although there may be many models with an S.D. within the standard error of the data, models with too many degrees of freedom will fail such an analysis because of underdetermination, whereas models with too few degrees of freedom will fail such an analysis as a result of the introduction of systematic errors in the distribution of residuals.
The crude computed changes in absorbance (for the optical data) or intensity (for the e.p.r. data) (W,) (8) for each wavelength i, where £A4(t) is the observed difference in absorbance at the ith wavelength between the reaction and reference samples at time t, F,(t) is the computed concentration of the hth intermediate determined from the optimized values of the rate constants, and Ae,(l-r) is the molar difference absorption coefficient at the ith wavelength between the hth optical species and the reference sample obtained by solution of eqn. (8). The 'true' absolute spectrum of the optical species is then obtained by adding the true difference spectrum of the optical species minus the reference sample to the absolute spectrum of the reference sample (in our case fully reduced cytochrome oxidase).
Results

Optical spectra
Typical optical difference spectra (reaction sample minus fully reduced cytochrome oxidase) in the visible region following the reaction of fully reduced cytochrome oxidase with°2 at 173K are shown in Fig. 2 . A difference spectrum of fully oxidized minus fully reduced cytochrome oxidase is also shown for comparison. Three optically distinct species may be distinguished. The first is characterized by a peak around 590nm and a trough around 610nm (20s spectrum), the second by peaks around 595 and 614nm and a small trough around 605nm (60s to 400s spectra), and the third by a small peak around 580nm and a large trough at 604nm (500s to 2000s spectra). It should be noted that at most 10% of the 655 nm band, which is characteristic of fully oxidized cytochrome oxidase (Beinert et al., 1976) and thought to be indicative of anti-ferromagnetic coupling between high-spin cytochrome a33+ and CuB2+ , is seen in the spectra from 500 to 2000s. It should also be noted that the difference spectra at 20s and 2000s are qualitatively similar to those of compounds Al and B described by Chance et al. (1975) and Denis & Clore (1979) .
The kinetics of the absorbance changes at 590-630, 604-630 and 614-630nm are shown in Fig. 5 and are discussed in detail below. It should be noted that the choice of reference wavelength is in part arbitrary because, although 630nm is the isosbestic point for the spectra of fully reduced and fully temperature (Shaw et al., 1978b) are not seen at any stage of the reaction of fully reduced cytochrome oxidase with 02 at 173 K. The total intensities (obtained as described in the Experimental section) of the low-spin cytochrome a3+ and CuA2+ signals (normalized to 1.0 for the difference in intensity between fully oxidized minus fully reduced cytochrome oxidase) are plotted as a function of time in Fig. 5 . Thus the only two differences that can be detected in the e.p.r. spectra seen during the fully reduced cytochrome oxidase-02 reaction at 173K and that of fully oxidized cytochrome oxidase are (1) a large significant difference in the ratio of the intensities of the low-spin cytochrome a3+ to CUA2+ signals and (2) a small but significant difference in the linewidth at half-height of the g = 3 'absorption' peak of low-spin cytochrome a3+.
Kinetic analysis ofthe optical and e.p.r. data
The kinetics of the absorbance changes at 590-630, 604-630 and 614-630nm and of the intensity changes of the CuA2+ and low-spin cytochrome a3+ e.p.r. signals are shown in Conceptually, from the purely kinetic stand-point, the simplest scheme required to fit the data in Fig. 5 is the three-intermediate sequential mechanism of Clore & Chance (1978a given by Scheme 1 (Fig. 6) . The S.D. of the fit is 2.3% (Table 1 ) and the distribution of residuals is random (C< 1.0). However, in order to fit the e.p.r. data the concentrations of CuA2+ and low-spin cytochrome a3+ in intermediates II and III must be smaller than those in fully oxidized cytochrome oxidase (i.e. they must correspond to less than 1 mol/mol of cytochrome oxidaise). The optimized values, S.D.1n and 5-95% confidence limits of the rate constants and relative contributions of the intermediates at each progress curve with respect to the difference in absorbance or intensity between fully reduced and fully oxidized cytochrome oxidase are given in Table 2 .
Experimentally we find the following. (a) Both CuA2+ and cytochrome a3+ are magnetically isolated in partially reduced and fully oxidized cytochrome oxidase, in agreement with magnetic-susceptibility studies over the 1.5-200K range (Tweedle et al., 1978; Moss et al., 1978) . (b) Both the CuA2+ and Table 1 . Overall standard deviations ofthefitsfor the schemes given in Fig. 6 The overall standard error of the data is 2.5 + 0.2% with a 99% confidence interval of 2.0-3.0%. [See Clore & Chance (1978a) (7) with the reference species x and z being taken as fully reduced and fully oxidized cytochrome oxidase respectively for the optical data and as fully oxidized and fully reduced cytochrome oxidase respectively for the e.p.r. data. (01) a604_6300III 614-630(I) a614_630 ( 3) . (c) Both the CuA2+ and low-spin cytochrome a3+ e.p.r. signals obey Curie's law over the 5-80K range in samples taken over the course of the fully reduced cytochrome oxidase-02 reaction at 173K (Fig. 4) .
(d) The linewidth at half height of the g = 3 'absorption' peak of low-spin cytochrome a3+ seen during the course of the fully reduced cytochrome oxidase-02 reaction at 173K is approx. 10% narrower than that of fully oxidized cytochrome oxidase (Fig. 3) . (e) The shape of the CuA2+ e.p.r. signal observed over the course of the fully reduced cytochrome oxidase-02 reaction at 173K is identical with that of fully oxidized cytochrome oxidase (Fig. 3 ).
These five observations exclude all known mechanisms (namely ferromagnetic, anti-ferromagnetic and dipole-dipole coupling) whereby the total integrated intensity of the e.p.r. signal produced by a given concentration of a paramagnetic species may be diminished. Therefore, if Scheme 1 is to be compatible with the e.p.r. data, species II and III must each be viewed as a mixture of a minimum of three species in very rapid equilibrium. In effect, four species could be in rapid equilibrium of the type: + random distribution of residuals (C < 1.0) and good determination of the optimized parameters is Scheme 3C (Fig. 6) . The only alternative schemes (Schemes 2A, 2B, 3A, 3B and 4), involving a similar number of parameters, are given in Fig. 6 , and these fail to fit the data on the basis that their S.D. values are significantly greater than the standard error of the data (see Table 1 ).
In the case of Scheme 3C, the concentrations of CuA2+ and low-spin cytochrome a3+ at time t are given by: (10) ( 1 1) where IIA, IIB and III are the concentrations of intermediates IIA, IIB and III at time t respectively.
The normalized absorbance change (N,) at the ith wavelength pair (normalized with respect to the difference in absorbance between fully reduced minus fully oxidized cytochrome oxidase) at time t is given by: 
Ni(t) = [E(t) +ai (I).I(t) +a' (IIA).IIA(t) +a (IIB) IIB(t) + a (III).III(t)]/Eo
The distribution of the four species and therefore the individual equilibrium constants would then be different for species II and III. Such a situation, however, seems highly unlikely on account of observation (c), which would require either (i) that equilibrium was fast and the equilibrium constants for eqn. (9) remained temperature-independent over the 5-80K range, or (ii) that the activation energies of the rate constants for eqn. (9) were so large that at 173 K the rate constants would be large (i.e. > 103s-) and equilibration fast, and below 80K very small (i.e. <10-s-1), so that on rapid freezing of the reaction sample in liquid N2 the equilibrium would essentially be 'frozen' in its state at 173K. Both these requirements are so improbable that Scheme 1 can be discounted.
The only scheme that accounts for both the optical and e.p.r. data without the need for any unreasonable assumptions, has an S.D. within the standard error of the data (i.e. less than 2.5%), a +a (III,IIB).III(t)]/Eo (14) where a; (IIA,IIB) = a (IIA) + a' (IIB) k+3/k 2 (15) a' (III,IIB) = a, (III) +a! (IIB).k+3/k+2 (16) As a result, it is impossible to determine a (IIA), a; (IIB) and a; (III) individually; we can only determine a (IIA,IIB) and a; (III,IIB). The optimized values S.D.In and 5-95% confidence limits of the rate constants, and a; (I), a; (IIA,IIB) and a; (IIB,III) at 590-630, 604-630 and 614-630nm, are given in Table 3 . It should be noted that the number of parameters describing Scheme 3C is 14 compared with 17 for Scheme 1, and that these are considerably better determined in Scheme 3C (Table 3 ) than in Scheme 1 (Table 2) . Fig. 7 together with the difference spectra of the fully reduced cytochrome oxidase-CO complex and fully oxidized cytochrome oxidase minus fully reduced cytochrome oxidase. The corresponding absolute spectra are also shown. The optical properties of intermediate I are very similar to those of the enzyme-CO complex with slight but significant differences in the positions of the peaks (547 and 593nm against 547 and 589nm for the enzyme-CO complex) and the trough (608 and 612nm respectively) in the 500-700nm region of the difference spectrum. The absorption band around 590nm is also considerably more intense with intermediate I compared with that with the enzyme-CO complex.
Discussion
The experimental results and kinetic analysis presented in the Results section demonstrate that with isolated cytochrome oxidase the reaction of the fully reduced enzyme with 02 displays three distinct kinetic phases, as shown previously with membrane-bound cytochrome oxidase (Clore & Chance, 1978a . The e.p.r. results allow the unambiguous assignment of the valence states of cytochrome a and CuA in the intermediates and require a modification of the previously suggested reaction scheme, which corresponds to Scheme 1 in Fig. 6 . In particular, the e.p.r. data show that in the second reaction phase cytochrome a as well as CuA transfers electrons to other sites, but the transfers are not complete as neither component becomes fully re-oxidized. This suggests that there are two parallel reactions in the second phase and that intermediate II is really a mixture of two intermediates, IIA and IIB. These considerations are incorporated into reaction Scheme 3C (Fig. 6) , and it has already been shown that this is the only one of the schemes tested that can satisfactorily account for both the optical and the e.p.r. data.
Unfortunately neither the optical nor the e.p.r. spectra provide any direct information on the valence states of cytochrome a3 and CUB in the intermediates. As cytochrome a3 and CUB constitute a coupled binuclear metal centre (Falk et al., 1977; Tweedle et al., 1978) Babcock et al., 1976 Babcock et al., , 1978 Tweedle et al., 1978) that imidazole serves this function. This hypothesis, however, is made unlikely, as model compounds (Kolks & Lippard, 1977) Clore & Chance (1979) . On the basis of a comparison of its absorption spectrum with those of model haem compounds, it is suggested to be best represented by the configuration a32+8-02-8, in which the charge localized on the iron of cytochrome a3 is greater than +2.5 (3>0.5). In view of the considerations just given, a more correct formulation should probably involve CUB as well, in which case the configuration can be given as Cu3l+Sla32+82-O218I+8), with (6, + 62) 1. Such a delocalization of electrons from the metal centres to 02 would be consistent with the absorption spectrum of intermediate I (Fig.  7) , which has similar features to that of oxymyoglobin (Antonini & Brunori, 1971 (Aasa et al., 1976b,c (Fig. 2) shows, however, that intermediate III is not identical with the oxidized enzyme and thus represents a true intermediate in the reaction.
One possible explanation of the different reactivities of intermediates IIA and IIB would be that electrons from CuA and cytochrome a enter the [CuBa30213+ unit at different sites and that their site of entry governs the resulting configuration of the [CuBa3.O2]2+ unit. It has, however, already been pointed out that electron redistributions within the unit might be expected to be rapid. Thus another possibility would be that rapid electron donation from cytochrome a2+ to the [CuBa3.O212+ unit occurs only when CuA is reduced. It should be noted that starting with the fully reduced enzyme may represent an artificial condition compared with the redox states found during turnover. In the catalytic reaction, with excess ferrocytochrome c and 02 present, one might expect the initial reaction of 02 with the [CuBa3]3+ unit to involve molecules having cytochrome a and CuA oxidized. Further considerations of the relevance of the observations described here to our understanding of the catalytic mechanism of oxygen reduction in cytochrome oxidase are, however, deferred to the accompanying paper (Clore et al., 1980) . This gives a characterization of the intermediates in the reaction of 02 with the enzyme in the so-called mixed-valence state, in which cytochrome a and CuA are initially oxidized.
